Sorption isotherms, which describe CO 2 storage capacity of the host rock, are important for estimating the CO 2 sequestration potential of geological formations. In this study, the sorption capacity of a sandstone and granite were evaluated experimentally by using a gravimetric method, and the experimental data corrected for the volume of sorbed CO 2 phase were compared with storage models (adsorption monolayer, solubility and pore-filling models). The sorption measurement results indicated that CO 2 sorption behavior could take place onto silica minerals in CO 2 -water-rock system, and it further indicated that CO 2 sorption onto rocks may play an important role in storing CO 2 in subsurface rock masses.
Introduction
Global warming, and through it, climate change has been generally accepted as a serious problem. A significant reduction in the volume of green house gas, especially in carbon dioxide (CO 2 ) emissions to the atmosphere was identified as a key mechanism for achieving stability. To achieve deep reductions in greenhouse gas emissions are required, and then one method to use would be CO 2 capture and storage (CCS). This technology is to capture the CO 2 at existing power and industrial plants combined with CO 2 geological sequestration. An important benefit of sequestration is its potential for lessening environmental damage to the atmosphere without requiring profound changes to current life styles. The sequestered CO 2 would have to remain effectively isolated from the atmosphere for several hundreds or thousands of years. There are a number of potential geological reservoirs that can be used to store the captured CO 2 . These geological reservoirs include depleted and disused oil and gas fields, deep saline aquifers and deep unminable coal seams [1] .
The global storage capacity for these geological reservoirs has been estimated according to IPCC's "business as usual" scenario [2] . The capacity estimated for these reservoirs show that the geological storage of CO 2 can make a substantial potential. From a capacity perspective, deep saline reservoirs offer a significant potential. Bachu et al. (1996) [3] suggested that suitable aquifers should be at depth below 800m where CO 2 is in supercritical state because its critical point lies at 30.98˚C and 7.38MPa [4] , containing formation water and/or saline water, and have a cap rock of low permeability to minimize of CO 2 leakage. In a subsurface CO 2 migration process, injected CO 2 moves by volumetric displacement of formation waters, with which it is largely immiscible [5] . Indeed, in Norway, an investigation of the CO 2 migration process has been conducted by the seismic monitoring surveys into the Utsira saline aquifer within Sleipner since 1996, and it has been found that the stored CO 2 was largely immiscible CO 2 for 3 years [6] .
Several studies have been conducted over the past decade to estimate the amount of CO 2 storage capacity that can be stored in sedimentary basins [7, 8] . In these studies, a simple method has been attempted to estimate how much pore volume is likely to be available for CO 2 storage in the geological reservoirs.
According to this simple process, IPCC [9] has reported that the major impediments to applying the simple method for estimating the capacity for CO 2 storage in geological media are lack of data, and their uncertainty. Indeed, at the world wide level, estimation of the CO 2 storage potential using the very simplistic method are often quoted as "very large" with ranges in the orders to 100 to 10,000 GtCO 2 [10] .
Sorption isotherms, which describe CO 2 storage capacity of a host rock, are important for estimating the CO 2 sequestration potential of geological formations, but an experimental evaluation for the sorption capacity of the rocks has rarely been conducted for CO 2 geological reservoir.
Therefore, we need to understand the CO 2 -water-rock interaction in the CO 2 rich dense phase, and it is an important step to understand the potential of host reservoir rocks for the CO 2 geological storage.
The purpose of this study was to assess experimentally the sorption capacity under the simulated CO 2 rich dense phase (i.e. water-free condition) at geologically-relevant temperature and pressure. In this experiment, CO 2 sorption measurement of the rocks (sandstone and granite) has been performed by using a gravimetric method.
Rock materials
A set of experiments was performed, using samples from Kimachi Sandstone and Iidate Granite. Sandstone represents as the geological representation of CO 2 storage site for CO 2 geological storage of an aquifer likely the Statoil's North Sea facility. Kimachi Sandstone is obtained from Shimane Prefecture in Japan. On the other hand, many volcanic regions like that in Japan are dominantly occupied by the igneous rocks (e.g. granite). Thus, if CO 2 is to be injected into those regions, we might also need to consider the igneous rock for CO 2 geological storage, leading to an expansion of potential CO 2 storage. Iidate Granite is obtained from Fukushima Prefecture in Japan. Cores of Kimachi Sandstone and Iidate Granite were drilled parallel to lamination to yield the core samples used in the experiment. The core samples were each 16 mm in diameter and about 3 mm in length, and these rock samples were washed with distilled water and were dried under vacuum in an oven for at least 24 hours at 105˚C.
Experimental method
The magnetic suspension balance (MSB) from Rubotherm Präzisionsmeβtechnik GmbH; (Kleinrahm and Wagner, 1984 [11] ) rated at 35MPa and 350˚C is used to measure the CO 2 sorption capacity of the rocks. A schematic of the MSB system is shown in Fig.1 . The MSB consists of a sorption chamber that is used to expose the sample to a gas at elevated temperatures and pressures, and a microbalance, which is isolated from the sample and exists at ambient conditions.
All of the details of the experimental apparatus and operational procedures can be found elsewhere in the literatures by Sato et al. (2000) [12] , Blasig et al. (2007) [13] . A short description is briefly recapped here.
Before the MSB experiment, the rock samples were placed in a stainless steel of basket (basket size: φ17mm×20mm), and the measuring cell was heated to the desired experimental temperature. In this manner, the mass of the sorbed CO 2 in the rock is measured directly monitoring the increase of the electromagnetic force. Eventually, the equilibrium sorption is reached and the weight of the sample stops increasing. At this final equilibration stage, the weight reading from the microbalance at pressure P and temperature T is recorded as w (P, T).
Hence, the sorption capacity, w ex g (P,T) was in the range of milligrams which was calculated based on the consideration of the buoyancy of the substrate at different gas pressures and different densities as shown in the following equation [13] :
where ρ CO2 (P, T) is the density of the CO 2 at P and T, V b and V r are the volumes of the basket and of the rock sample, respectively. and V s is the volume change of the original rock due to swelling. The density of CO 2 , ρ CO2 (P, T) is calculated from the Span and Wagner EOS [4] , which is accurate for the purposes of this work. The volume the sample basket is determined from a buoyancy experiment. For MSB without a sample in the basket, Eq.
The volume of the basket is determined by estimating the density of CO 2 , ρ CO2 (P, T), and measuring the weights, w (P, T) and w (vac, T). In this experiment, the volume of basket, V b , was determined by the buoyancy experiment with accuracy of 0.06% using a high-pressure CO 2 and N 2 at the same experimental pressure and temperature conditions. The accuracy of the magnet suspension balance is 0.1mg.
However, the investigation of the rock swelling studies has not been conducted yet. Therefore, in the MSB experiment, the amount of CO 2 sorption of rock was determined by ignoring the volume change relating to the swelling of rock due to the CO 2 -induced, and then Eq. (1) can be re-written as:
At the end of the MSB experiment, the rock samples were reweighed under vacuum pressures.
Results and discussion
The sorption isotherms of the MSB experiments performed on the dry rock samples are shown in Fig.2 . The sorption isotherms for CO 2 showed a decrease in excess sorption capacity with increasing temperature, and the gravimetric measurements demonstrated sorption behavior similar to the corresponding the volumetric measurements. Furthermore, a mass of both Kimachi Sandstone and Iidate Granite after the measurement displayed little change under vacuum condition in comparison with that before the measurement.
Therefore, it indicated that the sorption behavior in the CO 2 -rock system deeply depends on the elemental fluid properties of CO 2 (e.g. density, enthalpy), and then it seems to support the physical sorption such as the other reported sorbent material, i.e., activated carbon, coals, polymers. An effect of temperature on CO 2 sorption process for the rocks appears to be more complex, considering the differences in the shape of the isotherms at each temperature. While 70, 100, and 200˚C isotherms for both Kimachi Sandstone and Iidate Granite increased monotonously over the entire experimental pressure range, and in some instances even exhibited a saturation behavior at high pressures, the shape of 50˚C isotherm curves displayed different pattern in comparison with above the other temperature.
Especially, the 50˚C isotherms showed a steep increase in CO 2 sorption capacity in the 6-10MPa, the sorption capacities for Kimachi Sandstone and Iidate Granite peak at maximum values of approximately 0.4 mmol/g and approximately 0.3 mmol/g, respectively, within limited pressure ranges and then decrease continuously with increasing pressure beyond this peak point. It must be noted that, while the isotherms from this 50˚C experiment show nearly perfect agreement in a low-pressure range (0-5MPa), they deviate strongly beyond ~6MPa.
Since a sorption behavior for physico-chemical processes is related to a tendency of the isotherms, the effect of a phase change from the gas state to supercritical state in free CO 2 phase will also emerge in the observed CO 2 sorption curves. Therefore, it was evident from these figures that the influence of the effect of the phase change impacts significantly on the sorption processes among CO 2 , water, and rock system, but the mechanism leading to gas sorption in the supercritical state are not well studied.
In a high-pressure region (P>10MPa), it was clearly appeared that the sorption capacity declines continuously with increasing pressure beyond the peak point. One possible explanation for this decline is given by Romanov (2005) [14] , who postulates that in a gravimetric apparatus; both a volume in sorbed CO 2 phase and rock swollen volume due to CO 2 -induced into the rock will alter the buoyancy of the sample as the sorbed CO 2 volume increasing at the high pressure, thus introducing error. Thus, it can be said that, without knowing the sorbed phase volume, accurate measurements of CO 2 sorption by the rocks could not be possible.
Further studies need to be conducted in order to address deviations and experimental problems associated with measuring high-pressure CO 2 sorption isotherms.
Comparison with model predictions for CO 2 storage capacity
The actual sorption amount, considering the volume of the sorbed phase, is given by the absolute sorption amount. The relationship between the excess and absolute sorption amount is given as (e.g. Siemons & Busch, 2007 [15] where W g abs is the absolute sorption amount in moles, W g ex is the excess (Gibbs) sorption amount in moles obtained from the MSB sorption measurement, ρ g is the density of the CO 2 phase, and ρ a is the density of the sorbed phase. The value of ρ g is calculated from the equation of state by Span and Wagner (1996) [4] . The value of ρ a is difficult to determine experimentally and is usually assumed to be constant over the entire pressure range. In this study, we used the sorbed phase density suggested by the following the Dubinin-Nikolaev equation (Suzuki, 1990 [16] ):
where ρ b is the density of liquid at normal boiling point, T b , and ρ 0 is the density of CO 2 in the sorbed phase at critical temperature, T c . M and b are molecular weight and van der Waals constant. The corrected excess sorption amount, i.e. absolute sorption amount, was evaluated by the employing hypothetical storage models: (i) monolayer adsorption model assumes that sorbed CO 2 phase is restricted to a single monolayer as liquid CO 2 . (ii) solubility model assumes that an injected CO 2 within water-filled reservoir will dissolve into pore water. (iii) pore-filling model assumes that the entire pore space of rock sample is filled with CO 2 at relevantgeological pressure and temperature. These theoretical values based on monolayer adsorption model, solubility model, and pore-filling model represent the term of W α , W β , and W γ , respectively, and are determined by the following equations, respectively: 
where d CO2 , φ rock , ρ H2O , ρ rock , and M rock are the molecular diameter of CO 2 (0.52 nm; [17] ), the porosity of rock, the density of rock, the density of water (1000 kg/m 3 ) and the mass of rock, respectively. χ CO2 is the CO 2 solubility of water based on literature data by Wiebe and Gaddy (1939) [18] . V ss is surface area of rock, which is measured by B.E.T. method. These values are given in Table 1 . Fig.3 shows a comparison of the 50˚C theoretical isotherms based on the storage models, calculated by Eq. (6) to (8) , with calculated absolute sorption isotherm at the same temperature by the employing Eq.(4) and (5) , where the sorbed phase density value used was 0.998 g/cm 3 at 50˚C. In comparison with the excess CO 2 sorption isotherms obtained from the experiment, the resulting absolute sorption isotherms demonstrate an increasing absolute CO 2 sorption amount in the high-pressure region at both the rocks. As can be seen from Fig.3 , the CO 2 storage capacity on the theoretical isotherms by the monolayer adsorption and solubility models, were remarkably smaller than the absolute sorption amount. This indicated that these phenomena can not be fully explained by either the CO 2 dissolution into pore water or the monolayer adsorption as liquid CO 2 state on the CO 2 -rock interface during sorption process. Thus, it is suggested that the absolute sorption amount should be caused by not only the dissolution of CO 2 into pore water and the monolayer adsorption of liquid CO 2 on the CO 2 /rock interface, but also some unknown interactions among CO 2 , pore water and rock during the sorption process. The differences between the measured experimental values and the calculated ones are needed to be further investigated.
It was shown, on the other hand, that the amount of calculated absolute sorption for the sandstone was closed to the pore-filling model predicted value. In contrast, that for the granite was as much as 5-10 times greater than the pore- filling model predicted value. In addition, despite the rock porosity of sandstone was 20 times higher than that of granite, the granite had the calculated absolute sorption amount as much as 2 times lower than the sandstone. Therefore, it can be said that the sorptive behavior of CO 2 onto rock minerals under the water-free condition could be large differences between the sandstone and the granite. The present results of this study indicated that CO 2 sorption onto rocks may play an important role in storing CO 2 in subsurface rock masses, and the sorption will provide a significant knowledge for estimating the CO 2 sequestration potential of geological reservoirs.
Conclusions
1. In both Kimachi Sandstone and Iidate Granite, it was found that the CO 2 sorption capacity decreases with the increasing temperature, and a mass of both the sandstone and the granite after the measurement displayed little change under vacuum condition in comparison with that before the measurement throughout the experimental duration. Hence, it was suggested that the sorption behavior in CO 2 -rock system deeply depends on the elemental fluid properties of CO 2 (e.g. density, enthalpy), and then it seems to support the physical sorption such as reported for various other sorbent material, i.e., activated carbon, coals, polymers. 2. In comparison with isotherms at 70, 100 and 200˚C, it was apparent that the CO 2 sorption capacity tends to decrease as pressure increase after around 10MPa. Because, in a gravimetric apparatus, as higher densities are reached, the volume of sorbed phase and the rock swelling due to CO 2 -induced in the rock sample will alter the buoyancy of the sample, thus introducing error. Therefore, at around 50˚C, it was suggested that without knowing the sorbed phase volume and rock swollen volume, accurate measurements of CO 2 sorption by rocks are not possible. 3. The CO 2 storage capacity on the theoretical isotherms by the monolayer adsorption and solubility models, were remarkably smaller than the absolute sorption amount. Hence, this result indicated that the absolute sorption amount could not fully be explained by CO 2 dissolution in water alone, and the sorption will provide a significant knowledge for estimating the CO 2 sequestration potential of geological reservoirs. 4. The amount of absolute sorption for the sandstone was closed to the pore-filling model predicted value. In contrast, that for the granite was as much as 5-10 times greater than the pore-filling model predicted value. Furthermore, despite the rock porosity of sandstone was 20 times higher than that of granite, the granite had the absolute sorption amount as much as 2 times lower than the sandstone. Therefore, it can be said that the sorptive behavior of CO 2 onto rock minerals under the water-free condition could be large differences between the sandstone and the granite. The present results of this study indicated that CO 2 sorption onto rocks may play an important role in storing CO 2 in subsurface rock masses.
